Forecasting the response of species and communities to environmental change is a priority for multiple disciplines in the natural sciences. In looking toward the future, much can be learned from examining faunal response under past episodes of environmental change. Typically, retrospective approaches are limited to one spatial and temporal scale. Here, we illustrate how integrating across spatiotemporal scales can provide powerful insights into faunal response, and can inform conservation and management. To do this we compare paleontological and neontological studies on the small mammal fauna of the Great Basin. Small mammal species and their assemblages have long been recognized as indicators of ecological change and ecosystem health. We use fossil data from two long-term owl roosts to reconstruct patterns of richness and the apportioning of abundance among functional groups across multiple episodes of warming during the Holocene (last 10,000 years). We then use these findings as a climate-only baseline against which to compare changes in richness and abundance in 2 independent mountain ranges over the past century. While the past century has been marked by climate warming, the modern day Great Basin landscape also has been subject to intense human land-use practices and the introduction of nonnative plant species. Our contrast highlights that for Great Basin small mammals, modern-day land-use practices are modifying climate-based expectations.
Anthropogenic activities are rapidly changing natural environments from local to global scales, threatening the persistence of ecosystems as habitats shift, populations are pushed to their adaptive limits, and species ranges collapse or move across the landscape (Ceballos and Ehrlich 2002; Parmesan 2006; Walther 2010) . Understanding biotic response to ongoing and future environmental change is a priority across multiple disciplines in the natural sciences. Here we argue that conservation of biodiversity in the coming century requires understanding how communities and their constituent species have responded to environmental change over past centuries and millennia in order to identify what makes certain species and species groups more resilient and others more vulnerable to chronic and cumulative environmental change (National Research Council 2009; Dawson et al. 2011) .
Future forecasts for how species are likely to respond to environmental change routinely focus on how species distributions may shift under the direct impacts of climate change (Pearman et al. 2008; Elith and Leathwick 2009 ).
Although advances in distribution modeling permit incorporation of ecological processes and physiological traits (Kearney and Porter 2009; Buckley et al. 2010) , predicted responses of species remain primarily climate-driven. This is a concern because the present-day baseline conditions used in these models may reflect ecological responses that have unfolded over much longer time periods, and have been shaped by both climate and past land use. In fact, despite the pervasiveness of anthropogenic climate change in the last century, the primary cause of species endangerment and biodiversity loss worldwide is land transformation (Vitousek et al. 1997; Pimm et al. 2006) , and both human modification and management of the landscape will continue into the future along with warming. Furthermore, studies have shown that land use can both mitigate and exacerbate climate-driven expectations (Pyke and w w w . m a m m a l o g y . o r g Marty 2005; Rowe 2007) . Without a robust understanding of the historical factors shaping modern-day dynamics, prospective studies under climate-only scenarios may be misleading and have the potential to steer research and management efforts in counterproductive directions. Efforts to incorporate ecological and evolutionary processes, as well as management practices, directly into conservation planning are increasing (e.g., Akcakaya et al. 2004; Klein et al. 2009 ), but are often data intensive and context-or system-specific.
An alternative approach is that of retrospective studies: in looking toward the future, we can turn to the past to better understand what forces structure modern communities and thus inform how those communities and species are likely to respond to future scenarios of environmental change. Retrospective studies can take many forms and span a range of spatial and temporal scales. For instance, long-term monitoring and research at specific sites have provided valuable insights into interannual variability over multiple decades for certain groups of species (Brown et al. 2001; Hobbie et al. 2003) . Natural history collections and other repositories of published and unpublished sources have proven to be rich archives of baseline ecological information at the decadal to centennial timescale (Shaffer et al. 1998; Moritz et al. 2008; Myers et al. 2009; Tingley et al. 2009; Nufio et al. 2010; Rowe et al. 2010) . When paired with modern resurveys, these historical data provide critical insights into recent ecological changes, and can be used to identify principle (albeit correlative) drivers of ecological changes.
Such long-term monitoring and historical data sets, however, do not predate the intense human alteration of the landscape characteristic of the last century. As such, the baselines used in these studies have themselves been shaped (to varying degrees) by human land use (Swetnam et al. 1999) . Often, information regarding changes in the type, intensity, or periodicity of land use between survey snapshots also is unavailable or incomplete. Even for protected areas in terrestrial ecosystems, human activity on adjacent lands can have far reaching impacts (Newmark 1987; Laurance 2008) . Reconstructing historical trends therefore requires consideration of how land use and climate may be coupled when discerning benchmark conditions. This in turn requires a comparative framework in order to fully interpret the direction and magnitude of changes observed among species or communities.
Ecological information reconstructed from the subfossil and fossil record may provide a window into times prior to the onset of intense human modification of systems (Jackson et al. 2001; National Research Council 2005; Smith and Betancourt 2006; Jackson 2007; Torben and Lockwood 2013) . Such prehistoric baselines can provide critical insights on ecological and evolutionary responses to episodes of warming that are decoupled from the confounding effects of intense human impacts. As such, these baselines also provide a benchmark against which to evaluate the severity and consequences of historical human activities on ecosystems and species (Jackson et al. 2001; Kidwell 2007; Terry 2010a ). Recognition of the value of paleoecology for identifying meaningful targets for conservation and management has recently led to the growing field of conservation paleobiology (Dietl and Flessa 2011; Willis and MacDonald 2011; Conservation Paleobiology Workshop 2012; Lyman 2012; Kidwell 2013) .
Retrospective approaches to understanding past ecological dynamics are typically segregated by temporal and spatial scales. We argue that as independent lines of investigation, the utility of any 1 approach in drawing on past dynamics to inform future projections of species responses may be limited in scope, and that the full potential of modern and deeper-time perspectives will only be achieved when integrated. Specifically, we view neontological and paleontological approaches as complementary; each makes predictions that can inform and be tested by the other. The synergism resulting from coupling studies across spatial and temporal scales can be a powerful means for understanding the impacts of climate and nonclimate drivers on ecological communities.
Here, we demonstrate the benefit of expanding the temporal scope of ecological analyses for conservation by integrating paleontological and neontological studies for small mammals in the Great Basin. We use faunal responses to episodes of warming during the Holocene (a period largely free of intense human impacts) as a baseline against which to compare documented changes in the same regional assemblage over the past century. Specifically, we ask the following questions: 1) Are modern-day land-use practices modifying Holocenederived climate-driven expectations? 2) What does this approach tell us regarding small mammal diversity and taxa of concern under future climate and land-use scenarios in the Great Basin? We address responses at both the species and community level, with an emphasis on community-level changes by functional groups representing habitat affinity and diet specialization-parameters that are easily reconstructed, translated, and compared across disparate sources of data ranging from cave sediments, museum archives, and modern small mammal surveys.
STUDY SYSTEM
The Great Basin is a vast (. 500,000 km 2 ) area in western North America that includes much of the expanse between the Sierra Nevada and Rocky Mountains. The unique geography and history of the Great Basin has resulted in a rich local and regional biodiversity, which has attracted generations of scientists and prompted seminal studies on the paleobiology, biogeography, and ecology of regional mammals (e.g., C. H. Merriam 1892 , J. C. Merriam 1917 Grinnell 1933; Hall 1946; Brown 1971; Grayson 2011) . The region lies within a rain shadow and is therefore generally arid, with the ecosystem defined as cold-temperate semidesert. Within the Great Basin are a series of north-south trending mountain ranges separated by intervening valleys (Fig. 1) . This basin and range topography produces strong gradients of moisture and temperature, with local habitats along each elevation gradient ranging from desert shrubland to alpine tundra.
This landscape has had a long and dynamic history (Grayson 2011; Badgley et al. 2014) . Over the past 2 million years, tectonic extension and numerous glacial and interglacial cycles have shaped the Great Basin. At the height of the last glacial maximum (~20,000 years ago), the climate of the Great Basin was cooler and wetter than today (Grayson 2011) . Vast pluvial lakes covered much of today's lowland desert valleys, whereas many of the mountain ranges, which today contain habitats that are isolated from one another, were connected by forest or woodland vegetation. With warmer temperatures at the close of the Pleistocene (~11,000 years ago), forests retreated upslope and a wetter and cooler climate gave way to warmer and drier conditions (Rhode and Madsen 1995; Grayson 2011) . Through the middle Holocene (~7,500-4,500 years ago) warming continued, with regional conditions generally warmer and drier than those experienced today, and moderating into the late Holocene (4,500 years ago to present). Archaeological evidence indicates that humans were present in the Great Basin as early as~12,000 years ago with subsistence practices of hunting and gathering common throughout much of the Holocene. Although these prehistoric human activities certainly impacted local environments, populations were highly mobile, with longer-term villages associated with cultivated crops appearing toward the end of the Holocene, the last 1800 years (Grayson 2011) . Thus, changes in climate are recognized as the primary driver of changes in Great Basin plant and animal communities throughout the Holocene (Miller and Wigand 1994; Grayson 2011 ).
Today, the Great Basin is among the most threatened of North America's ecosystems (Noss et al. 1995) , because a century worth of dramatic changes in both climate and land use have substantially altered the structure and dynamics of its native flora and fauna (Miller and Wigand 1994; Knapp 1996; Chambers and Wisdom 2009 ). On average, the Great Basin has warmed 0.3-0.68C over the 20th century, with projections of an additional 2.5-48C by 2100 (reviewed in Grayson 2011), although there is much variation in the rates and magnitudes of change both across the region and along local elevation gradients (Baldwin 2003; Beever 2010; Rowe et al. 2010) . The Great Basin also has witnessed intense habitat alteration over this same time interval. Principal drivers of region-wide landcover conversion have been grazing by domestic livestock, agriculture, altered fire regimes, and the accidental introduction, establishment and expansion of nonnative plant species (Morris and Rowe 2014) . Habitat alteration has been most profound at low elevations, where independent and synergistic effects of climate, land use, and urbanization have facilitated the expansion of pinyon-juniper woodland into sagebrush steppe and the encroachment of shrubland into areas previously dominated by native grasses and open habitat (Miller and Rose 1999; Weisberg et al. 2007; Bradley and Fleishman 2008) .
Small mammals have proven to be a powerful group with which to study the ecological responses of species and communities to environmental change. Species-specific life histories and ecological requirements render small mammals sensitive to changes in both climate and vegetation. As habitat suitability is affected, demographic rates of reproduction and survival are altered, which may lead to local extinction or colonization. Ultimately, such population-level changes are manifest as shifts in the occurrence and abundance of species across the landscape, and have been captured over both paleontological and neontological timescales (Hadly 1996; Lyons et al. 2004; Moritz et al. 2008; Thibault et al. 2010) . Small mammals can therefore serve as strong indicators of changing ecological conditions and ecosystem health in terrestrial systems, and provide a means by which to integrate across studies of faunal response over broad spatial and temporal scales (Hadly and Barnosky 2009; Rowe et al. 2011) .
The modern small mammal fauna of the Great Basin is diverse (approximately 40 species of shrews and rodents, dependent upon the boundaries used to define the region), with local communities varying dramatically over space and time (e.g., Zeveloff 1988; Grayson 2000b; Rickart 2001) . Detailed historical surveys provide a solid foundation for modern resurvey work spanning almost a century (e.g., Rowe et al. 2011) . The Great Basin also is characterized by a rich Holocene fossil record because of the excellent preservation of fossil material in the region's many dry caves (Grayson 2000a; Terry 2010b) . The rich biodiversity, high-quality historical and paleontological records, and pressing environmental challenges of the Great Basin provide a strong comparative framework for illustrating the value of integrating ecological studies across these spatiotemporal scales to inform on faunal responses to environmental change. 
SOURCES OF DATA
Holocene data.-The Holocene small mammal data discussed here come from 2 long-term owl roosts, Homestead Cave and Two Ledges Chamber (Fig. 1) . Owl predation is a common means by which small mammals enter the fossil record (Mellet 1974; Andrews 1990 ). The undigestible hard parts of small mammal prey items are regurgitated as pellets, accumulating naturally over time beneath such roosts. Breakage patterns of bones confirm large owls as the dominant source of small mammal remains over the entire interval of time recorded at each site (Terry 2007 (Terry , 2010b and potential variation over time in owl species does not bias assemblage-level patterns. Both Homestead Cave and Two Ledges Chamber have been characterized by similar desert shrub communities since the middle Holocene (Nowak et al. 1994) , and today, share a high proportion (~70% species and 86% genera) of their small mammal fauna . Furthermore, these sites have similar taphonomic and geomorphic histories, thus minimizing potential biases and permitting the direct comparison of these assemblages .
Homestead Cave, located in the Lakeside Mountains west of the Great Salt Lake, Utah (Fig. 1) , was excavated in 1993 by D. Madsen and D. K. Grayson (Grayson 2000a ) and yielded 184,000 specimens over 18 strata representing the past 13,000 years. Two Ledges Chamber, located on the western margin of the Smoke Creek Desert, northwestern Nevada ( Fig.  1) , was excavated in 1990-1991 by B. Hockett and yielded 18,000 specimens over 20 levels encompassing the past 9,000 years (Hockett 1993) . Additional details regarding site formation and contents can be found in the original sources cited above and in Terry (2010a Terry ( , 2010b .
The methods used to assess trends in richness from the middle Holocene to the present (the last~7,500 years) at these two fossil sites are detailed below (see ''Climate-Richness Dynamics''). Community-level abundance dynamics at these fossil sites over the same time interval have been previously assessed in Terry et al. (2011) , thus the methodology is not repeated here. All analyses are restricted to small (, 500 g), nonvolant mammals (shrews and rodents).
Historical and modern data.-Paired historical and modern data on small mammal occurrence and abundance come from comprehensive field surveys conducted in 2 independent mountain ranges in the Great Basin, the Ruby Mountains of northeastern Nevada and the Toiyabe Range of central Nevada (Fig. 1) . Located within the same region, these mountain ranges have broadly similar ecological conditions and biogeographic histories and share many small mammal species in common with one another (60%) and with the Holocene fossil localities (an average of 53%). The resurvey interval for each data set also is similar at~80 years for both mountain ranges: the Ruby Mountains in 1927 -1929 , and the Toiyabe Range in 1930 -1931 -2011 . Thus, we consider these mountain ranges as replicates in this natural experiment.
Collector field notes from the historical surveys provided detailed information on survey effort (i.e., the type and number of trap-nights at each locality) and species occurrence and abundance (i.e., the numbers and identity of all captures including those not processed as voucher specimens). Museum specimens enabled confirmation of species' identifications. Specimens and field notes from historical surveys are at the Museum of Natural History, University of Kansas (Ruby Mountains), and the Museum of Vertebrate Zoology, University of California at Berkeley (Toiyabe Range). Contemporary surveys by E. A. Rickart and R. J. Rowe were conducted for the explicit purpose of establishing multiple resurvey data sets with which to assess faunal response to environmental change. Modern surveys followed historical precedence, so that techniques were standard and comparable across eras (Rowe et al. 2010) . All historical and modern surveys targeted small (, 500 g), nonvolant mammals (shrews and rodents), the same fauna represented in the Holocene cave deposits. Field procedures followed guidelines of the American Society of Mammalogists (Sikes et al. 2011) and were certified by the University of Utah Institutional Animal Care and Use Committee (protocols 06-02001 and 09-02004). Specimens and notes from modern surveys are at the Natural History Museum of Utah (University of Utah), the Museum of Vertebrate Zoology (University of California, Berkeley), and the Monte L. Bean Life Science Museum (Brigham Young University).
In each mountain range, sites during both eras spanned the latitudinal and elevational extent of each mountain range, and 9 of the . 20 sites surveyed in the modern era were identical point comparisons and were distributed across the elevation gradient. The distribution of sites along the elevation gradient incorporates the full range of natural variation in climate and vegetation found in the Great Basin, and thus permits the assessment of temporal dynamics at low, xeric habitats and higher montane (wetter and cooler) habitats. The sampled extent of elevation was 1,590-3,014 m in the Ruby Mountains and 1,627-2,682 m in the Toiyabe Range.
In the Ruby Mountains, historical surveys were conducted at 15 sites for a total of 11,165 trap-nights and yielded 2,249 captures representing 25 species of small mammals. Modern surveys were conducted at 22 sites for a total of 16,170 trapnights and yielded 1,518 captures of 23 species. In the Toiyabe Range, 7,536 trap-nights were distributed across 12 sites and yielded 1,383 captures of 29 species. Modern surveys occurred at 24 sites with a total of 15,080 trap-nights and resulted in 3,198 captures of 33 species. The effort, captures, and species incorporated in a given analysis vary based on the nature of the data and the question being addressed (Rowe et al. 2010 (Rowe et al. , 2011 . Further details on the Ruby Mountain surveys can be found in Borell and Ellis (1934) and Rowe et al. (2010) . Historical sampling for the Toiyabe Range is outlined in Linsdale (1938) and the modern surveys (2008-2011) followed the protocol established in the Ruby Mountains (Rowe et al. 2010) . Analysis of the community-level abundance data by functional group for the Toiyabe Range adheres to the methods presented in Rowe et al. (2011) . Estimates of richness (number of species) were generated using rarefaction (Raup 1975) , with samples pooled across sites by time period.
Live-dead agreement.-Integrating data from disparate sources requires careful evaluation of the magnitude and direction of potential biasing factors. Postmortem modification and the resulting incompleteness of the fossil record represent a major challenge to the recovery of ecological signals from paleontological data. Using a ''live-dead'' comparative approach (Behrensmeyer and Dechant Boaz 1980; Kidwell 2001; Western and Behrensmeyer 2009 ), Terry (2008b , 2010a , 2010b showed that the ecological information recorded in the deposits at Homestead Cave and Two Ledges Chamber is highly representative of the living system from which specimens are drawn. This holds true across a range of metrics, from overall community richness and evenness, to community composition, to the proportional abundances of individual species. Furthermore, Terry (2008a Terry ( , 2008b Terry ( , 2010a showed that time-averaging over scales typical of these cave deposits does not impact the quality of the ecological information they contain. In fact, modeling revealed that the temporal resolution typical of these deposits (hundreds of years) is beneficial for overcoming short-term population fluctuations and allowing longer-term trends in species dynamics to emerge (Terry 2008a) . Finally, Terry (2010a) used a mixing-model approach to assess the degree of spatial averaging (owls feeding over a larger-than-local landscape) present in the ecological signal. Results showed that owl foraging predictably reflects a habitat's distance from the cave and the relative availability of prey, confirming the local-scale nature of such deposits, as investigated using strontium isotopes by Porder et al. (2003) and Feranec et al. (2007) . In summary, all previous work on the taphonomy of the small mammal deposits at Two Ledges Chamber and Homestead Cave indicates that the Holocene community snapshots recorded at these sites are not artifacts of how the skeletal remains accumulated or how they were preserved, but instead reflect true biological signals of community composition and structure.
CLIMATE-RICHNESS DYNAMICS
Aggregate properties of communities can reveal important signals of biotic response to environmental change over broad spatial and temporal scales. One such property is species richness (the number of species present). Because species richness is a universal metric, it allows for direct comparisons among communities over space and time. Here, we review what is known about the relationship between species richness and climate through the Holocene in the Great Basin and contribute new analyses that span the last 8,000 years. Specifically, we use the dynamics of richness over multiple episodes of warming during the middle to late Holocene as a baseline for interpreting changes in richness over the past century. We then use our results from both prehistoric and historical time periods to inform predictions for how richness will change under future increases in temperature and aridity.
Early to middle Holocene.-The Younger Dryas episode of rapid cooling at the end of the late Pleistocene punctuated gradually warming interglacial conditions in the Northern Hemisphere between 12,800 and 11,500 years ago (Muschler et al. 2008) . After this dramatic but brief recurrence of glacial conditions, Great Basin climates returned to a trend of gradual warming into the early Holocene (10,000-7,500 years ago). Although the pluvial lakes that extended across much of the valleys in the Great Basin during the late Pleistocene were gone by the early Holocene, there is broad consensus that the Great Basin remained colder and wetter in the early Holocene than it has been since that time, and perhaps more seasonal as well (Grayson 2011) . By the middle Holocene (7,500-4,500 years ago) conditions had warmed and dried substantially. In an elegant analysis, Grayson (1998) used the Homestead Cave small mammal record to evaluate richness across this temporal gradient in temperature and moisture. He found a relatively abrupt decline in richness at the transition from the early to middle Holocene, coinciding with the shift in climate from cool and moist to warm and dry. This loss of mammalian richness coincides with documented changes in vegetation communities in the western Great Basin, where early Holocene plant communities were far richer than those that followed (Nowak et al. 1994) . Changes in the presence and abundance of moisture-sensitive small mammal species support both temperature and precipitation as drivers of this trend. For example, bushy-tailed woodrats (Neotoma cinerea), pygmy rabbits (Brachylagus idahoensis), and yellow-bellied marmots (Marmota flaviventris) all disappear from the low-elevation Homestead Cave record at the early to middle Holocene transition (Grayson 1998 (Grayson , 2006 .
Middle to late Holocene.-Interestingly, Grayson (1998) detected no corresponding abrupt change in regional richness as climates moderated into the late Holocene (4,500 to the present). Recent paleoclimate reconstructions allow us to take a closer more continuous look at the climate-richness relationship over the middle to late Holocene at the local scale in the Great Basin. Building on Grayson's work, we examine richness dynamics as time series at Homestead Cave, as well as at a second cave site, Two Ledges Chamber (Fig. 1) . Because species richness is correlated with the number of individuals in a sample, we used rarefaction to sample-size standardize our richness estimates for each stratum. At Homestead Cave, species richness in the middle Holocene remained relatively constant, increased into the late Holocene, and peaked~1,000 calendar years BP. Richness then declined toward the recent (Fig. 2) . At Two Ledges Chamber, small mammal species richness declined from the middle Holocene to the recent (Fig. 2) . Despite the geomorphologic, taphonomic, taxonomic, and regional climatic similarity of Homestead Cave and Two Ledges Chamber, the dynamics of species richness at these sites are surprisingly asynchronous. The assumption of synchronicity in aggregate properties such as richness stems from neontological studies that have suggested that correlated density-dependent factors (e.g., regional climate shifts) can bring population dynamics into spatial synchrony (Liebhold et al. 2004) . Reinemann et al. (2009) estimated summer temperatures based on reconstructed chironomid assemblages in a sediment core from Stella Lake in Great Basin National Park (~240 km southwest of Homestead Cave). Benson et al. (2002) reconstructed lake d
18 O values from aragonite deposits in Pyramid Lake (~16 km south of Two Ledges Chamber). This proxy reflects the hydrologic balance of Pyramid Lake, and thus the influence of precipitation (drought) and temperature (via evaporation) on lake levels. Although the method used to reconstruct the paleoclimate record near Homestead Cave more dominantly reflects temperature and that near Two Ledges Chamber more dominantly reflects precipitation, these climate parameters cannot be entirely decoupled from one another in these records. We fit these data, which span the last 6,700 and 7,600 cal years BP, respectively, with a spline smoothing function and analytically time-averaged the data (symmetrically over 250 years) in order to extract paleoclimate estimates that were temporally aligned with the faunal data (Fig. 2) . We used cross correlations to explore the strength of the relationship between species richness and paleoclimate at each site and assessed significance between the pairs of time series using permutation tests (1,000 iterations). No autocorrelation was evident in any of the time series. Despite asynchronous richness dynamics across sites, a striking pattern emerges. Species richness appears to have declined when the climate warmed at Homestead Cave (cor ¼ À0.61, P ¼ 0.079), and as lake levels dropped at Two Ledges Chamber (cor ¼À0.75, P ¼ 0.001; Fig. 2) . Therefore, it is the local climate patterns themselves that appear to be relatively asynchronous; the mammal responses are in parallel, showing congruent declines in richness with increases in temperature and aridity.
Historical to modern.-Given the relationships we document between past richness, temperature, and aridity, we now can evaluate the degree to which trends in richness detected over the last century in the Ruby Mountains and Toiyabe Range match or deviate from our Holocene expectations. We treated richness in an aggregate fashion for this analysis, combining data within a mountain range across sites and survey years per era. As such, this measure of richness represents a composite snapshot for the small mammal fauna as a whole, for each mountain range, during both historical and modern time periods. Changes in richness differ between the mountain ranges. Using the same rarefaction approach applied to the Holocene data, we document a decline in species richness for the small mammal fauna of the Ruby Mountains over the past century but detect no discernible change in species richness for the small mammal fauna of the Toiyabe Range (Fig. 3) . In both cases, comparisons limited to the 9 paired resurvey sites (which span each elevation gradient) show the same trend as the larger data set and thus suggest that when sampling is comprehensive, a small sample of paired sites can capture signals representative of the broader landscape in both time periods.
In contrast to Holocene trends of warming and drying, regional climate change over the 20th century in the Great Basin has been characterized by warming and increased annual precipitation . Within each mountain range, conditions have mirrored this regional trend over the resurvey interval: average summer maximum temperatures increased 0.948C (range À0.02-1.768C) in the Ruby Mountains (Rowe et al. 2010 ) and 0.208C (range À0.44-0.688C; 800m) in the Toiyabe Range, with significant increases documented at all elevations in both mountain ranges. Similarly, winterspring precipitation (November-April) has increased within both mountain ranges; from 6.22 to 26.40 mm and from 3.13 to 18.03 mm in the Ruby Mountains and Toiyabe Range, respectively, with the largest increases at highest elevations.
Our Holocene baseline predictions suggest that increases in temperature and increases in precipitation should drive small mammal richness in opposite directions, although the relative strength of these drivers is difficult to discern. Conditions have become warmer and wetter rather than warmer and drier in these mountain ranges over the last century, but neither system has shown an increase in richness over time, as would be expected if precipitation was the primary driver. Instead, richness has declined (Ruby Mountains) or stayed the same
FIG. 2.-Species richness-climate relationship over the past 8,000 years at Two Ledges Chamber (TLC) and Homestead Cave (HC).
Both faunas show an inverse relationship with local paleoclimate; as climate warms and dries, richness declines. Vertical error bars are 95% confidence intervals on the mean. Horizontal error bars are 95% probability intervals for calibrated radiocarbon dates. Open circles represent undated strata with ages inferred from a spline best-fit model. Filled circles represent the best-supported radiocarbon age. Homestead Cave, cor ¼À0.61, P ¼ 0.079; Two Ledges Chamber, cor ¼ À0.75, P ¼ 0.001.
(Toiyabe Range). Thus, at a coarse level, our recent resurvey results for richness appear to be largely congruent with our Holocene expectations.
Although precipitation has increased over the past century it is important to recognize that the net increase discussed here has occurred against a backdrop of increased variability in precipitation, both seasonally and interannually. Recent decades have been characterized by increases in both the frequency and severity of wet and dry periods (Weiss et al. 2009 ). In addition, changes in winter precipitation, in concert with rising winter temperatures, have resulted in a region-wide decline in snowpack (Mote et al. 2005) , earlier snowmelt, and an increase in interannual variability of spring streamflow conditions . Snow cover provides insulation and shelter for overwintering populations of small mammals at higher elevations, and thus changes in the depth, density, stability, and duration of snowpack also will affect survivorship and ultimately population persistence and local richness (Pauli et al. 2013 ). Thus, the degree to which small mammal richness responds to changes in the variability and timing of moisture delivery relative to overall precipitation, snowpack, and snowmelt in this system is unknown.
Variation in the rate and magnitude of changes in climate parameters is evident across the region (Mote et al. 2005; Weiss et al. 2009; Beever 2010) , and may contribute to the differences in the richness response observed between the Ruby Mountains and Toiyabe Range. A greater richness decline in the Ruby Mountains relative to the Toiyabe Range may reflect more severe warming in the former (0.948C versus 0.28C), or greater declines in snowpack in the northeast relative to central and southern Nevada (Mote et al. 2005) or both. Climate-driven trends in richness also may be modified by local differences in disturbance dynamics or human land-use practices (discussed below, see ''Ecological Costs of Land Use'').
Future richness projections.-Regional-scale climate models predict an increase in average annual temperature of 48C across much of the Great Basin by 2100 (Hayhoe et al. 2004 ). Projections of precipitation are less reliable and those for the West are inconsistent with average changes near 0 (reviewed in Chambers 2008) . Given the apparent sensitivity of small mammal species richness to changes in climate over the Holocene and the last century, what can we learn regarding predictions for the coming century? This is difficult to discern because of challenges in interpreting the degree to which the components of climate (e.g., temperature, precipitation, seasonality, snowpack, etc.) operate independently or interactively to directly or indirectly impact local small mammal biotas. Combining the richness results of Grayson (1998) with the middle Holocene findings presented here, we can say that small mammal richness is likely to decline over the long term with continued warming. Our resurvey results confirm the role of temperature as an important driver over shorter decadal timescales; however, local increases in precipitation may moderate temperature-driven trends to greater or lesser degrees depending on local context and the moisture requirements of particular species. Regardless, examination of our recent resurvey data suggests that increases in annual precipitation are unlikely to trigger increases in species richness because of the corresponding increase in extreme wet and dry events and decreases in snowpack. Finally, both our paleontological and neontological results highlight how variability in local conditions can occur against a shared backdrop of regional climate change. This illustrates the importance of identifying the degree to which ecological dynamics are sensitive to the scale-dependence of climate reconstructions-a critical, but often overlooked component for predicting how species and their communities are likely to respond under different projections of future environmental change.
ABUNDANCE DYNAMICS
Because the richness of a community is independent of the taxonomic identity of its constituent members, analysis of temporal trends in richness alone can mask important underlying changes in the composition and structure of communities. Richness also has been shown to lag behind changes in climate (Menéndez et al. 2006; Blois et al. 2010) , which suggests other aggregate measures may be more effective when comparing paleontological and neontological findings, given the relatively short time interval over which modern warming has occurred. Abundances are known to be sensitive to climate change, because the carrying capacity of systems is often linked to the availability of suitable habitat, which in turn responds to changes in the environment (del Monte-Luna et al. 2004; Blois and Hadly 2009) . Furthermore, abundance is often correlated with range placement, and is higher in the center of a species' geographic range than at the margins (e.g., Hengeveld and Haeck 1982; Brown 1984; Lawton 1993; Gaston et al. 1997) . Thus, from the vantage point of a fixed location accumulating a fossil record over time, shifts in species abundances may reflect the migration of geographic ranges across the landscape in response to climate.
Holocene dynamics.-Analysis of species-level abundance dynamics over the past 8,000 years at Homestead Cave and Two Ledges Chamber reveal dramatically different trajectories for species with similar life histories both within each site and among species shared across the 2 sites (Fig. 4) . Given the high degree of variability found in species-specific abundance dynamics, Terry et al. (2011) explored the question of how these communities and their constituent species responded to past climate change relative to functional group characteristics. Because a species' geographic range reflects both ecology and evolutionary history (Brown et al. 1996) , which includes the effects of species interactions (Bruzgal and Hadly 2006) , range size and placement are often used in studies on global change ecology. Terry et al. (2011) defined geographic affinity based on the directionality and placement of the bulk of a species geographic range relative to the fixed location of each fossil site. They found that during periods of past climate warming, species with southern geographic affinities had increased representation in the communities at each site. Using a regression tree approach, they also looked at how dietary functional group and geographic affinity interacted to explain Holocene abundance dynamics. The same hierarchical partitioning of the abundance-climate relationship was recovered at both fossil sites. Specifically, they found that granivory was the most important predictor of the abundanceclimate relationship: granivores tended to increase in abundance during periods of past climate warming. Nongranivores with southern geographic affinities also tended to increase in abundance, although results were variable. Results are summarized in Table 1 ; for geographic and diet category assignments see Appendix I.
All small mammal species recorded in the middle to late Holocene fossil records of Homestead Cave and Two Ledges Chamber are extant today. The fossil record therefore allows us a window into how the structure and dynamics of communities and their constituent species responded to climate change prior to the onset of the intense anthropogenic impacts. As such, the Holocene dynamics of these species approximate climate-only scenarios, providing a baseline set of expectations against which to evaluate how species have responded to climate change in the last century. This type of comparison can thus provide insights into how anthropogenic activities have impacted the natural functioning of the Great Basin ecosystem.
Historical dynamics.-We use changes in small mammal abundances, both aggregated across all populations (i.e., effortstandardized total abundance) and split out by habitat and dietary species groups (Appendix I), to test the predictions generated from the Holocene fossil record. Variability in response among mountain systems is evident when we evaluate change in total abundance: the Ruby Mountains show a marked decline in total abundance over time whereas there is no discernible change in total abundance for the small mammal fauna of the Toiyabe Range (Fig. 5) . We note that this difference among mountain ranges mirrors that of richness discussed earlier (Fig. 3) . Analysis of changes in abundance among functional groups within and among these mountain systems reveals both intriguing similarities and substantial deviations from our Holocene-derived expectations (Fig. 6) .
In the Ruby Mountains, granivores and herbivores showed marked declines in abundance, whereas omnivores witnessed a dramatic increase (Rowe et al. 2011 ; Fig. 6a ). The species categorized as mesic herbivores in our Ruby Mountains TABLE 1.-Summary of the response of abundance to increases in temperature and aridity for Holocene small mammals at Homestead Cave and Two Ledges Chamber aggregated by dietary functional group and geographic affinity (see Appendix I). Geographic affinity refers to where the bulk of a species' modern geographic range is positioned relative to a point locality. No affinity indicates that the caves are located in the middle of a species' geographic range. A dash (-) indicates no species meeting the criteria were present in the Holocene. Variable refers to different directional responses among the fossil sites, both of which were weak. Additional information can be found in Terry et al. (2011) . -Mean values (6 95% confidence intervals) for total abundance for the Ruby Mountains and Toiyabe Range. Abundance results are provided for all sites (black) and the 9 paired-resurvey sites (gray). All analyses are based on effort-standardized abundance data. P-values represent t-test results: Ruby Mountains, all sites P ¼ 0.0014, resurvey sites P ¼ 0.0076; Toiyabe Range, all sites P ¼ 0.8307, resurvey sites P ¼ 0.9738. Data for the Ruby Mountains were originally published in Rowe et al. (2011) , and are reprinted with permission from the Ecological Society of America. resurvey data set correspond closely to species categorized as herbivores with a northern geographic affinity in the Holocene analysis; thus, their observed decline is in line with the Holocene-derived expectation for this group. In contrast, the recent changes among granivores and omnivores in this mountain range are counter to Holocene expectations, which predicted granivores to have increased in abundance while omnivores decreased or showed no change ; Table 1 ). A broader analysis for the Ruby Mountains confirms that the same pattern among diet functional groups is apparent for the aggregate measures of biomass and energy use, and holds at a finer spatial scale within each of 3 elevational zones, which approximate major transitions in habitat along the elevation gradient (Rowe et al. 2011) . As with the Ruby Mountains, the most dramatic shift over time observed in the Toiyabe Range is a substantial increase in omnivores (Fig. 6b) . However, both herbivores and granivores showed relatively minor increases in abundance over time (Fig. 6b) .
The striking increase in abundance of omnivores reported previously in the Ruby Mountains, and confirmed here for the Toiyabe Range, adds to growing evidence that specialist species may be more adversely affected by recent climate change than generalists (Warren et al. 2001; Menéndez et al. 2006; Tingley et al. 2009 ; but see Forister et al. 2010 ). Because we detect no parallel signal of a strong increase in generalist species in response to warming or drying in the Holocene record, we can conclude that climate per se is not the most important driver of these recent trends for generalists. Rather, the generalist advantage in the recent time likely stems from greater demographic resiliency to marked interannual variation in climate conditions punctuated by frequent extreme weather events (Gilchrist 1995; Easterling et al. 2000; McLaughlin et al. 2002) or the greater propensity of diet or habitat generalists to occupy and persist in human-modified sites (Morelli et al. 2012) , or both.
Although noticeable differences are evident among data sets in the direction and magnitude of change in abundance for granivores, neither mountain range conforms to the Holocene expectation of a strong positive response to recent warming (Table 1; Fig. 6 ). Despite rising temperatures over the past century, granivores are not thriving. Because many of these granivores are heteromyid rodents, which display a great number of behavioral and physiological adaptations for higher temperatures (Genoways and Brown 1993) , this finding suggests responses to warming over the past century stem from indirect effects on plant communities rather than the direct effects of climate. Both climate and land use can modify plant communities and subsequently habitat availability and suitability. However, recent dynamics among granivores are unlikely to reflect climate-mediated plant dynamics for the following reasons. First, increases in aridity and temperature during the Holocene were accompanied by whole-scale shifts in vegetation including the expansion of grasslands and shrublands upon which many arid-adapted granivores rely (Madsen 2000) . In addition, compared to other specialist taxa (i.e., herbivores), interannual variability in climate is less likely to result in long-term population declines for granivores because of the rich resources provided by seeds, which can persist in desert soils during extreme warm and dry episodes (Brown et al. 1979; Brown and Harney 1993) .
When viewed through the lens of geographic affinity, a similar signal emerges. Over the Holocene, many southernsourced taxa (both granivorous and nongranivores) increased in abundance during climate warming. Using the analogous variable of a xeric habitat affinity, examination of our modern resurvey data shows xeric-or arid-adapted species (many of which have southern geographic distributions) to have decreased in abundance over time in the Ruby Mountains and shows the smallest of increases among diet functional groups in the Toiyabe Range (Fig. 6) . Therefore, this discrepancy among Holocene and modern trends for granivores and other nongranivorous xeric-adapted species also suggests that human land-use practices are modifying climate-driven expectations.
Declines in herbivore abundance in response to warming (as seen during the Holocene and in the Ruby Mountains) may have many drivers, including direct physiological response to increased temperatures. This has been documented for mesic herbivores, such as the pika (Ochotona princeps) and bushytailed woodrat, in the Great Basin during both paleontological and neontological times (Smith and Betancourt 1998; Beever et al. 2003; Grayson 2005; Murray and Smith 2012; Smith et al. 2014) . Recent work by Beever et al. (2011) comparing extirpations of pikas observed over the past decade with those in the 20th century indicates that although climate remains the primary driver of decline, the specific climatic parameters behind the trend do vary and can present further challenges in forecasting responses. Indirect response to altered forage availability or quality also may impact herbivore occupancy over space and time. Changes in food quality may include a species' ability to process nutrients or toxins as well as changes in plant chemical composition, which in turn affect diet selection (Wooley et al. 2008; Dearing 2013) . In the Great Basin, declines in abundance among herbivorous rodents have not yet translated into elevational range shifts (Rowe et al. 2010) , although this is certainly not the case in the neighboring Sierra Nevada, where many herbivores have shown substantial recent shifts at their range margins (Moritz et al. 2008) . Variable response in herbivores over the past century between the Ruby Mountains and Toiyabe Range may have resulted from the particular species represented, their diet breadth, and local differences in vegetation as well as small mammal community composition. Because many of these factors also would have varied among Holocene assemblages and habitats, we suggest differences in response today likely reflect unevenness in the intensity or extent of land use, or both, among the mountain ranges.
Not all species within a given functional group respond in concert, however, and modern-day examples support the Holocene findings that habitat affinity and diet functional group interact to structure single-taxon dynamics. For example, in the Ruby Mountains only 1 granivore, the western harvest mouse (Reithrodontomys megalotis), increased in abundance over the past century and this species is tolerant of a wide range of habitat conditions (Rowe et al. 2011) . Similarly, the pinyon mouse (Peromyscus truei) is the only arid-adapted habitat specialist to increase in abundance over the past century and is characterized as a diet generalist (i.e., omnivore). Omnivores included both habitat specialists and generalists, and members of both showed increases and decreases over the past century (Rowe et al. 2011) .
Although the patterns of faunal response differ between the Holocene and resurvey data sets, both sets of analyses underscore the powerful role intrinsic life histories play in structuring responses to environmental change. In the Holocene data, a general framework emerged across the two cave sites. In contrast, variation in the aggregate measure of community abundance was evident among the modern resurvey data sets. This may suggest a loss of predictability in the modern time relative to the Holocene. On the one hand, this may be due to decreased time-averaging in modern-day survey snapshots relative to Holocene fossil assemblages, because time-averaging can be beneficial for dampening shortterm variability that may mask longer-term trends (Martin et al. 2002; Alin and Cohen 2004; Terry 2008a ). However, this variation also might be attributed to an increase in the type and interactive effects of multiple abiotic and biotic drivers shaping landscapes today relative to the past. The effects of changes in climate or land use on the population sizes of resident species are likely coupled with novel biotic interactions brought on by compositional changes as new species move into a region and resident species shift across the landscape. Thus, the push and pull of climate, land use (both historic and modern), and biotic effects on individual species, when aggregated, may provide contrasting insights into how modern small mammal communities in the Great Basin have and will continue to respond to ongoing environmental change.
ECOLOGICAL COSTS OF LAND USE
Casting the modern-historical resurvey data within the deeper context of the Holocene provides a compelling context for interpreting the dynamics of small mammal biodiversity in the Great Basin over the last century. Although recent responses of richness are largely congruent with those witnessed in the Holocene, trends in abundance among functional groups have deviated from their Holocene climateonly baseline expectations. This in turn highlights that future projections of species responses cannot be based on climate alone but must consider the complex independent and interactive effects of multiple abiotic and biotic drivers. Developing a greater understanding of the factors that have shaped the communities we see today can help us to refine how we expect species and communities to change in the future. This will require that effective conservation and management in the Great Basin place increased effort and emphasis on the effects of land use to develop accurate predictions under alternative future scenarios.
We emphasize the impacts of land use in this section both because climate change will continue alongside human modification and management of the landscape, and because of the widespread and intensive transformation of Great Basin ecosystems post-European settlement (see Morris and Rowe 2014) . Land uses are numerous and include past and present grazing by domestic livestock, agriculture, diversion of water, altered natural fire regimes, introduction of nonnative plant species, and urbanization. Effects are both independent and interactive, and may mediate or exacerbate the impacts of changing climates. In light of our results, we limit our discussion to 2 factors that are known to affect communitylevel attributes for small mammal assemblages: invasion of a nonnative grass and livestock grazing.
Accidentally introduced in the late 1800s, cheatgrass (B. tectorum) has spread throughout much of the Great Basin. As an exotic annual, cheatgrass can outcompete native perennials for springtime moisture and nutrients (e.g., Rice et al. 1992) . Its invasion and establishment are facilitated by disturbance (especially grazing and fire), and have resulted in the widespread conversion of sagebrush communities to nonnative grasslands throughout the Great Basin (Mack 1981; Knapp 1996; Bradley 2009 ). Recent studies show that cheatgrass negatively impacts small mammal communities: compared to native grassland and shrubland communities, cheatgrassdominated sites show marked declines in small mammal richness and community abundance (Gano and Rickard 1982; Gitzen et al. 2001; Ostoja and Schupp 2009) . Declines in abundance are documented across all diet functional groupsgranivores, herbivores, and omnivores-and the magnitude of change may vary with time since conversion, with longer periods of establishment promoting stronger negative effects (Ostoja and Schupp 2009) . Importantly, shrub removal alone does not have the same impact on community composition and structure as cheatgrass invasion and establishment (Parmenter and MacMahon 1983; Mathis et al. 2006) .
Modern-day surveys of habitats at both Holocene cave sites, Homestead Cave and Two Ledges Chamber, confirm the role of cheatgrass in shifting the ecological baseline. The vegetation at Two Ledges Chamber remains dominated by native grassland and shrubland and small mammal community composition and structure show strong live-dead agreement across modern, historical, and fossil time series (Terry 2010a ).
In contrast, Homestead Cave, which has been subject to repeated disturbance events over the last half century, is currently dominated by cheatgrass and is characterized today by a relatively depauperate and uneven small mammal community (Terry 2010a ).
There are a number of different mechanisms through which cheatgrass may alter habitat suitability for small mammals, including loss of microhabitats (plant diversity and structural complexity), enabling enhanced detection by predators, and posing a physical impediment to saltatory movement common among heteromyid rodents. In addition, manipulative experiments suggest granivores prefer seeds from native plants over those from cheatgrass (Ostoja 2008) , cheatgrass requires increased handling time by granivores, contains less nutritive tissue, and is a poor source of water-a limiting resource in arid environments (Kelrick et al. 1986 ). Given projected increases in the spatial extent of cheatgrass in the region (Bradley 2009; Jones and Monaco 2009) , coupled with the deviation of granivore abundance trajectories from Holocene baseline expectations under climate warming, future scenarios are certainly worrisome for desert rodent communities. Many granivores play keystone roles in maintaining the structure and dynamics of desert plant communities through seed dispersal and predation, thus additional negative feedbacks on Great Basin ecosystems are likely (Brown and Heske 1990; Heske et al. 1994) .
Grazing by domestic livestock in desert and montane habitats also has been shown to have negative impacts on small mammal communities, triggering decreases in species richness and community abundance (Jones 2000) . In contrast to the impacts of cheatgrass, however, the impacts of grazing often are not uniform among functional groups. Rather, generalist species (in particular the deer mouse [Peromyscus maniculatus]) are often favored, and mesic-adapted species are more sensitive to changes in habitat brought on by grazing than are xeric species (Hanley and Page 1981; Bock et al. 1984; Jones and Longland 1999; Jones 2000; Rowe 2007 ). The effects of grazing can be direct or indirect and may include loss of microhabitats or food resources, increased exposure to predators, the trampling of nest sites and burrows, and reduced water infiltration and retention.
When considering the ecological impacts of grazing in the Great Basin, it is important to recognize the fingerprints left on the landscape from past grazing, and not simply focus on present-day practice alone. Grazing has had a long history in the West where livestock were first introduced in the late 19th century and rapidly increased in number. Prior to regulation (initiated by the Taylor Grazing Act in 1934), extended periods of grazing promoted desertification and deforestation and in many instances led to denuded landscapes and extensive erosion (reviewed in Vavra et al. 1994) . Although grazing still occurs today, over the past century many areas in the West have experienced recovery from these earlier periods of extensive and prolonged grazing. Release from grazing pressure resulted in an increase in abundance and occurrence of mesic-adapted small mammal species at broad spatial and temporal scales (Rowe 2007) . These patterns emerged despite the concomitant pressures of recent warming (expected to favor arid-adapted taxa), thus illustrating the importance of adopting a historical perspective and understanding baseline conditions when examining faunal response to environmental change.
In both of the resurvey areas discussed here, grazing by livestock occurred prior to and during the historical studies (Borell and Ellis 1934; Linsdale 1938) , and was more intensive than the current practice. These regions also have been subject to a suite of other land-use practices, past and present. The patterns of change we document over time with our modernday resurvey therefore reflect cumulative and interactive effects of land-use practices and climate over space and time. Although these factors cannot be easily decoupled, they accurately represent the context within which future biotic response will unfold, where warming occurs alongside human modification of the landscape. Drawing direct comparison with climate-only scenarios from the fossil record can provide novel insights on the relative importance of different drivers for different species and species groups and thus help to inform expectations under future scenarios.
SUMMARY
Biodiversity results from ecological and evolutionary processes occurring both presently and in the past. Examining faunal response under past episodes of environmental change can highlight both patterns and processes relevant for future conservation and management. Paleontological and neontological approaches are complementary, and the synergism resulting from integrating across spatial and temporal scales is an effective means for understanding impacts of climate and nonclimate drivers on ecological communities. Although the realities of preservational context will limit the applicability of this approach to a subset of taxa and ecosystems, those suitable would benefit from a deeper time perspective when investigating faunal response to environmental change. A similar synergism can result from integrating across spatial and temporal scales in the modern time, and we encourage researchers to couple long-term studies at individual sites with those aggregated over broader spatial domains. Such comparisons can be facilitated by the use of higher-level or aggregate metrics and a trait-based approach such as community abundance among functional groups as presented here.
